AbstrAct Late blight (LB), caused by the oomycete Phytophthora infestans (Mont.) de Bary, is one of the most devastating diseases of tomato (Solanum lycopersicum L.) and potato (S. tuberosum L.) worldwide. The importance of LB on tomato has increased due to the occurrence of aggressive and fungicide-resistant clonal lineages of P. infestans. Consequently, identification and characterization of new sources of genetic resistance to LB has become a priority in tomato breeding. Previously, we reported accession PI 163245 as a promising source of highly heritable LB resistance for tomato breeding. The purpose of this study was to identify and map quantitative trait loci (QTLs) associated with LB resistance in this accession using a trait-based marker analysis (a.k.a. selective genotyping). An F 2 mapping population (n = 560) derived from a cross between a LB-susceptible tomato breeding line (Fla. 8059) and PI 163245 was screened for LB resistance, and the most resistant (n = 39) and susceptible (n = 35) individuals were selected for genotyping. Sequencing and comparison of the reduced representation libraries (RRLs) derived from genomic DNA of the two parents resulted in the identification of 33,541 putative single nucleotide polymorphism (SNP) markers, of which, 233 genome-wide markers were used to genotype the 74 selected F 2 individuals. The marker analysis resulted in the identification of four LB resistance QTLs conferred by PI 163245, located on chromosomes 2, 3, 10, and 11. Research is underway to develop near-isogenic lines (NILs) for fine mapping the QTLs and develop tomato breeding lines with LB resistance introduced from PI 163245.
o r i g i n a l r es e a rc h (LB) , caused by the oomycete Phytophthora infestans (Mont.) de Bary, is one of the most devastating diseases of tomato (Solanum lycopersicum L.) and potato (S. tuberosum L.) worldwide. The importance of LB on tomato has increased due to the occurrence of aggressive and fungicide-resistant clonal lineages of P. infestans. Consequently, identification and characterization of new sources of genetic resistance to LB has become a priority in tomato breeding. Previously, we reported accession PI 163245 as a promising source of highly heritable LB resistance for tomato breeding. The purpose of this study was to identify and map quantitative trait loci (QTLs) associated with LB resistance in this accession using a trait-based marker analysis (a.k.a. selective genotyping). An F 2 mapping population (n = 560) derived from a cross between a LB-susceptible tomato breeding line (Fla. 8059) and PI 163245 was screened for LB resistance, and the most resistant (n = 39) and susceptible (n = 35) individuals were selected for genotyping. Sequencing and comparison of the reduced representation libraries (RRLs) derived from genomic DNA of the two parents resulted in the identification of 33,541 putative single nucleotide polymorphism (SNP) markers, of which, 233 genome-wide markers were used to genotype the 74 selected F 2 individuals. The marker analysis resulted in the identification of four LB resistance QTLs conferred by PI 163245, located on chromosomes 2, 3, 10, and 11. Research is underway to develop near-isogenic lines (NILs) for fine mapping the QTLs and develop tomato breeding lines with LB resistance introduced from PI 163245.
T he cultivated tomato is the sixth most economically important crop plant in the world (www.faostat3.fao.org); among all vegetable crops, it is the most economically valuable crop, estimated at nearly $60 billion annually worldwide and second only to potato in volume consumed per capita (www.faostat3.fao.org). Additionally, tomato has a high nutritional value in many diets. For example, it is the number one dietary source of vitamins A and C, minerals, and phenolic antioxidants in the United States (Nguyen and Schwartz, 1999; Rick, 1980) . The economic and dietary contributions of tomato emphasize the importance of its breeding for improved yield, nutrition, and resistance or tolerance to biotic and abiotic stresses. Worldwide, tomatoes are susceptible to >200 diseases, including fungi, bacteria, Citation: Ohlson, E.W., H. Ashrafi, and M.R. Foolad. 2018 . Identification and mapping of late blight resistance quantitative trait loci in tomato accession PI 163245. Plant Genome 11:180007. doi: 10.3835/plantgenome2018.01.0007 viruses, and nematodes (Lukyanenko, 1991) . One of the most important diseases of tomato is LB caused by the oomycete P. infestans.
Most notable for its role in the Irish Potato Famine, LB has tremendous economic impact. In potato, LB causes an estimated $6 billion in economic losses annually resulting from reduced yields and costs associated with managing the disease (Haverkort et al., 2008 (Haverkort et al., , 2009 ). In tomato, as much as 7% of fruit yields are lost annually in the United States as a result of LB, and similar losses are incurred worldwide (Nowicki et al., 2012) . Previously, LB was controlled primarily through frequent fungicide applications and good cultural practices . However, several new strains of P. infestans have developed resistance to phenylamides, which were one of the most effective classes of systemic fungicides (Gisi and Cohen, 1996; Goodwin et al., 1996) . Consequently, discovery and incorporation of new LB resistance genes has become a priority for tomato and potato breeders.
Late blight resistance in potato has been extensively studied, and >20 LB resistance genes have been cloned (Jo et al., 2015) . All cloned resistance genes encode CC-NBS-LRR proteins, and it is believed that the majority of R genes associated with LB resistance encode proteins belonging to this class (Vleeshouwers et al., 2011) . Late blight resistance in potato has been identified in at least 10 potato wild species, most notably S. demissum Lindl. and S. bulbocastanum Dunal, and resistance genes or QTLs have been mapped on all 12 potato chromosomes (Ballvora et al., 2002; Huang et al., 2005; Li et al., 2011a; Lokossou et al., 2009; Song et al., 2003; Van Der Vossen et al., 2003; Vossen et al., 2005) . Considerably fewer LB resistance genes have been reported in tomato. Recently, however, research to identify new sources of LB resistance in tomato has intensified.
All three major LB resistance genes used in tomato breeding were previously identified in the tomato wild species S. pimpinellifolium L. The first reported LB resistance gene was Ph-1, a dominant gene mapped to the long arm of chromosome 7 (Bonde and Murphy, 1952; Gallegly and Marvel, 1955; Peirce, 1971) . The gene Ph-1 was discovered in accessions West Virginia 19 and 731 (Bonde and Murphy, 1952) . While Ph-1 was incorporated into several commercial tomato cultivars, such as 'Nova' and 'New Yorker', its ineffectiveness against the predominant P. infestans race T-1 has reduced its value in tomato breeding Peirce, 1971) . The second tomato LB resistance gene, Ph-2, was identified in accession West Virginia 700 (Gallegly and Marvel, 1955) . Conferring incompletely dominant resistance, Ph-2 was mapped to an 8.4 cM interval near the bottom of chromosome 10 (Moreau et al., 1998) . While Ph-2 is effective against P. infestans race T-1, it has been overcome by aggressive P. infestans isolates and often is associated with merely reducing the rate of disease progression instead of stopping the disease (Black et al., 1996; Foolad et al., 2008; Goodwin et al., 1995) . However, Ph-2 is currently used in tomato breeding, especially when combined with the LB resistance gene Ph-3 (Gardner and Panthee, 2010a,b; Panthee and Gardner, 2010) .
Tomato gene Ph-3 is currently the strongest source of single-gene LB resistance used in tomato breeding. Discovered in the accession L3708 (a.k.a. LA 1269 and PI 365957), Ph-3 is a partially dominant gene that confers broad-spectrum resistance against a range of P. infestans isolates. Gene Ph-3 was mapped to the long arm of chromosome 9 (Chunwongse et al., 2002) and is the only LB resistance gene cloned in tomato (Zhang et al., 2014) . Similar to all previously cloned potato LB resistance genes, Ph-3 encodes a CC-NBS-LRR class protein. However, even Ph-3 has reportedly been overcome by certain P. infestans isolates (Chunwongse et al., 2002; Foolad et al., 2008) (R.G. Gardner, personal communication, 2017 ). An additional LB resistance QTL was reported in L3708 (Kim and Mutschler, 2006) and recently mapped to the short arm of chromosome 2 (Chen et al., 2014) , although the phenotypic effects of this QTL appeared relatively minor.
Recently, a promising new source of LB resistance, Ph-5, was identified in another S. pimpinellifolium accession, PI 270443 (Foolad et al., 2006; . This accession is highly resistant to LB and displays similar levels of resistance as control lines containing Ph-2 and Ph-3 combined . Further, it has been observed that under severe LB-infested field conditions, PI 270443 exhibits more durable resistance than lines or hybrid cultivars with Ph-2 + Ph-3 combined (R.G. Gardner, personal communication, 2017; M.R. Foolad, unpublished data, 2012) . The LB resistance conferred by PI 270443 was shown to be highly heritable , and two resistance QTLs were mapped in this accession on chromosomes 1 and 10 .
Late blight resistance has also been identified in the tomato wild species S. habrochaites S. Knapp & D.M. Spooner and S. pennellii Correll. For example, LB resistance QTLs were detected on all 12 chromosomes in the S. habrochaites accession LA 2099 , three of which, located on chromosomes 4, 5, and 11, were subsequently fine mapped . Five LB resistance QTLs were mapped in S. habrochaites accession LA 1777, four of which colocalized with the resistance QTLs previously identified in LA 2099, and an additional novel QTL was discovered on chromosome 4 (Li et al., 2011b) . Linkage drag issues, however, have prevented breeding incorporation of the LB resistance QTLs identified in S. habrochaites . A QTL with moderate phenotypic effect on reduced susceptibility to LB was also identified on chromosome 6 of S. pennellii accession LA 716 (Smart et al., 2007) . This QTL, however, was tightly linked to the selfpruning (Sp) locus and it was unclear how indeterminate growth habit affected the reported resistance.
Recently, we reported the identification of several new tomato accessions with very high levels of LB resistance . The accession PI 163245, which at the time was thought to be S. pimpinellifolium (see Materials and Methods section), was selected for further genetic characterization based on its high level of LB resistance against multiple clonal lineages in both field and greenhouse (GH) experiments. Parent-offspring correlation analyses based on F 2 :F 3 and F 3 :F 4 generations indicated heritability (h 2 ) estimates of 0.79 and 0.94, respectively, and an analysis of response to selection based on F 2 :F 4 generations indicated a realized heritability (h 2 R ) of 0.64; these results suggested highly heritable nature of this resistance and potential usefulness of PI 163245 for LB resistance breeding in tomato (Ohlson and Foolad, 2016) . Further, analyses of molecular markers known to be associated with Ph-2 and Ph-3 resistance genes indicated that LB resistance in PI 163245 might not be due to either of these genes . Consequently, genetic mapping efforts were initiated to identify genes (QTLs) contributing to LB resistance in this accession.
In the present study, a trait-based analysis (TBA; a.k.a. selective genotyping) approach was chosen for identification and mapping LB resistance QTLs in PI 163245. In contrast to marker-based analysis (MBA), for which all individuals within a mapping population are genotyped, in TBA, only individuals within the selected tails of the phenotypic response distribution are genotyped (Foolad and Jones, 1993; Lander and Botstein, 1989; Lebowitz et al., 1987; Stuber et al., 1980) . This approach can be more desirable than MBA when at least one the following is true: examining only a single trait; only a portion of the mapping population may survive the screening; a very large population may be needed for phenotyping; or genotyping costs are substantially higher than the costs associated with raising and phenotyping individuals (Darvasi and Soller, 1992; Foolad and Jones, 1993; Foolad et al., 1997; Lebowitz et al., 1987) . In the present study, since LB resistance was the only trait targeted, a large mapping population was desired and genotyping costs were substantially higher than costs associated with phenotyping, a TBA approach was chosen.
Single nucleotide polymorphisms are now the marker of choice for most genetic mapping studies because of their abundance and rapidly diminishing genotyping costs. The availability of complete reference genome sequences for many crop species, including tomato, has made genomic analyses, such as SNP discovery and marker development, more feasible. A relatively simple and cost-effective method for SNP discovery is the construction and sequencing of RRLs (Altshuler et al., 2000) . This method of SNP identification has been successfully used for human (Altshuler et al., 2000) and many major crop species including tomato (Celik et al., 2017) , and it is used in the present study (explained in Materials and Methods section).
The objectives of this study were to construct a genetic linkage map and identify QTLs responsible for LB resistance in accession PI 163245. Single nucleotide polymorphisms were identified by sequencing genomic RRLs of the parental lines, and a bidirectional TBA was performed in an F 2 population of a cross between PI 163245 and a LBsusceptible tomato line to identify QTLs.
MAteriAls And Methods

Plant Material
Hybridizations were made between LB-resistant accession PI 163245 (staminate parent) and LB-susceptible breeding line Fla. 8059, and F 1 seed was produced. PI 163245 is an inbred accession within S. lycopersicum with large indeterminate growth habit, small leaves, and small yellow-orange fruit (1.3-3.8 cm diam.), all of which are characteristics similar to S. pimpinellifolium. This accession was originally collected in India in 1947 and received by the US National Plant Germplasm System in March 1948, when, based on its flower characteristics, it was classified as Lycopersicon esculentum (currently S. lycopersicum) (https://npgsweb.ars-grin.gov/gringlobal/ accessiondetail.aspx?id=1140416) (see Diversity Analysis). Fla. 8059 is an advanced breeding line with large firm fruit, high lycopene content, and good flavor, which was previously used as a parent in developing a commercial hybrid cultivar (Scott et al., 2008 ). An F 1 plant was grown to maturity and self-pollinated to produce F 2 seed. A large F 2 population (n = 560) was grown in an environmentally controlled GH and evaluated for LB resistance (described below). The most resistant and susceptible F 2 individuals were selected and grown to maturity for production of F 3 progeny to confirm LB resistance or susceptibility. The selected F 2 plants with confirmed resistance or susceptibility were genotyped with molecular markers and used for QTL mapping (described below). Each disease screening experiment included parental lines, F 1 progeny, and LB-resistant and -susceptible control genotypes: NC 84173 (LB susceptible), New Yorker (Ph-1), NC 63EB (Ph-2), NC 870 (Ph-3), and NC 03220 (Ph-2 + Ph-3). Original seed of PI 163245 was obtained from the USDA Plant Genetics Resources Unit (PGRU), Geneva, NY, and seed of Fla. 8059 was kindly provided by John (Jay) Scott at the University of Florida, Gulf Coast Research and Education Center, Wimauma, FL. Seed of all control lines were kindly provided by R.G. Gardner at the North Carolina State University, Mills River, NC.
Inoculum Preparation
The P. infestans isolate RS2009T1, belonging to race T-1, mating type A1, and clonal lineage US-23 (currently the most widely prevalent lineage throughout the northeastern United States) Gugino and Foolad, 2013; Gugino et al., 2014) was used in all disease screening experiments. This isolate was originally collected from a commercial tomato field in Rock Springs, PA, in 2009. The isolate was cultured on LB-susceptible tomato leaflets, which were placed abaxial side up in the lids of 100-by 15-mm Petri dishes. Each Petri dish contained a thin layer of 1.7% water agar to maintain high relative humidity (RH). The infected leaflets were incubated at 14 to 16°C and 100% RH on a 12-h photoperiod for 7 to 11 d. Inoculum was prepared by submerging infected leaflets in 4°C distilled water for 1 h. The inoculum was vortexed briefly to dislodge sporangia, and the suspension was filtered through cheesecloth to eliminate leaf debris. A hemocytometer and a light microscope were used to adjust the sporangia concentration to 10,000 sporangia mL −1 . F 2 and F 3 Disease Evaluation and Selection An F 2 population consisting of 560 individuals was screened for LB resistance. In the screening experiment, the parental lines, F 1 progeny, and the control genotypes NC 84173, New Yorker, NC 63EB, NC 870, and NC 03220 were included. Plants were grown in 72-cell seedling trays in an environmentally controlled GH compartment. Parental, F 1 , and control genotypes were grown in four replications of six plants. Replicates were placed on opposite ends and sides of the GH benches. When plants were ~6 wk old, the RH was increased to 95 to 100% using high-pressure foggers, and the temperature was reduced to 16 to 18°C. Blackout curtains were lowered to reduce ambient lighting for suppression of the hypersensitive and salicylic acid plant defense responses (Griebel and Zeier, 2008; Roden and Ingle, 2009 ). Clear plastic was draped around each bench to prevent direct water accumulation on the plants. After ~6 h, the high-pressure foggers were temporarily halted and the plants were gently misted with water. After 30 min, plants were uniformly sprayed with P. infestans inoculum at a concentration of 10,000 sporangia mL −1 and volume of 1 L per 1000 plants. Thirty minutes later, a second application of inoculum was applied and the high-pressure foggers were reinitiated. After ~24 h, the blackout curtains were removed to allow ambient lighting with no supplemental light.
Plants were evaluated 7 d after inoculation for foliar percentage disease severity (%DS) on a scale of 0 to 100%, where 0% indicated no symptoms of LB infection and 100% indicated no remaining healthy tissue or complete defoliation. Each F 2 plant was assigned a single %DS score, while each six-plant replicate of parental, F 1 , and control genotypes were visually assigned an average %DS value based on the overall health of the six plants. The most resistant (%DS < 20, n = 63) and susceptible F 2 plants that survived (%DS > 85, n = 36) were selected, grown to maturity, and self-pollinated to produce F 3 progeny seed. Resistance or susceptibility of the selected F 2 individuals was confirmed by F 3 progeny testing (described below). As a result, 39 F 2 individuals (from a total of 63) were confirmed highly resistant, and 35 individuals (from a total of 36) were confirmed highly susceptible; these individuals were used for marker genotyping and QTL analysis as described below.
The F 3 progeny families of the selected F 2 individuals were evaluated for disease response in four separate experiments (I, II, III, and IV). Screening methods for the F 3 experiments were generally similar to those for the F 2 experiment with the following distinctions. Experiments I, II, and III were conducted in two similar and adjacent GH sections and each section contained one of two F 3 progeny family replicates. Experiment IV was conducted in a single GH section, and replicates for each F 3 family were placed on opposite sides and benches of the GH section. The F 3 individuals within each replicate of each family were assigned a separate %DS score, and the mean was calculated for each F 3 family over the two replicates. For genetic mapping and QTL analysis, only resistant F 2 parents of F 3 progeny families for which the %DS averaged <30% (n = 39) and susceptible F 2 parents of F 3 progeny families for which the %DS averaged >70% (n = 35) were used. Further details of F 3 progeny testing, and the use of F 2 and F 3 disease response data to estimate heritability of LB resistance, were reported elsewhere (Ohlson and Foolad, 2016) .
Marker Development
Genomic DNA was extracted from the parental genotypes (PI 163245 and Fla. 8059) using the DNeasy Plant Mini Kit, following the manufacturer's protocol (Qiagen, Inc.). Reduced representation libraries were constructed based on a previously developed genotyping-by-sequencing (GBS) protocol (Elshire et al., 2011) with one modification: DNA was digested with the restriction enzyme NlaIII instead of ApeKI. Following digestion, DNA was purified using AMPure PB beads (Beckman Coulter, Inc.), and the bar-coded and common adapters were ligated. The adaptor-ligated fragments were purified to eliminate ligase enzyme and buffer materials. Subsequently, the inserted fragments were amplified with AccuPrime Taq DNA polymerase using polymerase chain reaction (PCR). The amplified libraries were purified, pooled for sequencing, and concentrated using AmpurePB beads. The genomic libraries averaged ~390 bp in size and were sequenced via paired-end sequencing using an Illumina Hi-seq 2000 at formerly BGI@UC Davis facility.
The FASTQ sequencing files were de-multiplexed via custom Perl scripts, and the reads were mapped to the tomato genome SL2.50 using CLC Genomics Workbench (www.clcbio.com) using default parameters except for similarity percentage of 90 and 80% of the read length. A problem with one of the adaptor sequences necessitated single-end alignment for mapping reads to the tomato reference genome. The SNPs were called between PI 163245 and Fla. 8059 using SAMtools (Li et al., 2009) and custom Perl scripts (Hulse-Kemp et al., 2016) . Only SNPs with at least three reads per genotype with no other SNP within 50 bp of the polymorphic locus were considered for use in this study. A subset of SNPs (n = 373) was selected for marker development and SNP validation.
Diversity Analysis
A genetic diversity analysis comparing seven tomato genotypes, including PI 163245; S. lycopersicum breeding lines NC EBR-1, NC EBR-2 and FL 8059; and S. pimpinellifolium accessions PI 270441, PI 270442, and PI 224710, was performed in TASSEL v. 5.2.37 using the distance matrix function (http://www.maizegenetics.net/tassel). A total of 158,175 SNPs was analyzed and the number of comparisons between accessions averaged 55,097 SNPs. The genetic distance (D) between accessions was calculated as 1 − IBS, where IBS is the probability that two random alleles selected from two individuals at the same locus are identical. In this analysis, a smaller D indicates a closer genetic relationship. To compare accession PI 163245 with the cultivated and S. pimpinellifolium genotypes, the average genetic distance between PI 163245 and each of the two species (S. lycopersicum and S. pimpinellifolium) was determined.
F 2 DNA Extraction Prior to disease inoculation, tissue was collected from all F 2 individuals and stored at −80°C for later use. Subsequent to disease evaluation of the parental F 2 and progeny F 3 generations (described above), DNA was extracted only from the selected extreme resistant and susceptible F 2 plants. Genomic DNA extractions were performed using a modified quick-extraction protocol (King et al., 2014) . For each F 2 plant, leaf tissue 2 to 3 cm in diameter was collected and placed in 160 mL NaCl (5 M) and 240 mL extraction buffer (200 mM Tris/HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) in a 1.5-mL centrifuge tube. The tissue was pulverized using a Qiagen TissueLyser II or manually ground using a sterile plastic micropestle until no visible clumps of tissue remained. The sample was then incubated at 60°C for 30 min, centrifuged for 5 min at 2500 ´ g, and the supernatant was combined with an equal volume of −20°C isopropanol. The solution was inverted several times to mix and then incubated for 15 min at −20°C, followed by centrifugation for 5 min at 2500 ´ g. The DNA sample was carefully decanted, and 200 mL 70% ethanol was added to each sample. The sample was centrifuged a final time at 2500 ´ g for 5 min, and the ethanol was decanted. The centrifuge tube containing the DNA sample was either inverted and air dried at room temperatures or placed at 60°C until all ethanol was evaporated. The DNA pellet was resuspended in Tris/EDTA (10 mM Tris, 1 mM EDTA). The DNA concentration was quantified using a NanoDrop 2000 (ThermoScientific) and adjusted to 30 to 60 ng mL −1 for Kompetitive Allele Specific PCR (KASP) genotyping.
Genotyping
The 373 selected SNPs (described above) were tested on the two parental lines and F 1 progeny, and markers were developed. A total of 233 of the 373 SNP markers were chosen for genotyping based on their genomic locations, validation of polymorphism, and consistency of fluorescent clustering. The selected resistant (n = 39) and susceptible (n = 35) F 2 plants were genotyped with the 233 SNP markers to develop a genetic map and conduct QTL analysis (described below). All KASP assay development and genotyping was performed by Ag-biotech Company (Monterey, CA, http://www.agbiotech.net).
Genetic Map Development
Although all the selected SNPs were physically mapped, a genetic linkage map was developed to confirm their relative locations and calculate genetic distances between the markers. The linkage map was constructed using MapMaker 3.0 (Lander et al., 1987) . Using the GROUP command, SNPs were assigned to linkage groups using a logarithm of the odds (LOD) threshold of 3.0. The ORDER command was used to determine the correct marker orientation and verified using the RIPPLE command.
Trait-Based Quantitative Trait Loci Analysis and Other Statistics
A TBA was employed to identify genomic regions (QTLs) associated with LB resistance. For each of the 233 SNP markers, the allele frequencies of the selected resistant and susceptible F 2 individuals were calculated. The marker allele frequency difference between the selected resistant and susceptible classes was determined and compared with the standard errors (s p ) of the marker allele frequency difference at each corresponding SNP locus. The following binomial equation was used to determine s p :
where p R is the marker allele frequency of PI 163245 in the resistant class, p S is the marker allele frequency of PI 163245 in the susceptible class, q R is the Fla. 8059 marker allele frequency in the resistant class, q S is the Fla. 8059 marker allele frequency in the susceptible class, and N R and N S are the numbers of individuals in the F 2 resistant and susceptible classes, respectively. For any marker, when the allele frequency difference between the resistant and susceptible classes (d = p R − p S ) was statistically significant (i.e., ³2s p ), it indicated an association of the marker with a QTL for LB resistance with a confidence of ³95% (Lebowitz et al., 1987; Steel and Torrie, 1980) confidence.
For each marker, a chi-square (c 2 ) goodness-of-fit test was performed within each phenotypic selected class to determine whether marker segregation fit the expected 1:2:1 Mendelian ratio. Mean comparisons of the %DS of the parental, F 1 , and resistant and susceptible control lines were conducted by Tukey's HSD test using SPSS Statistics (IBM Corp., 2012) .
results
Disease Response of the Parental Lines, Control Genotypes, and Progeny Populations
For the parental and control lines, the %DS was determined and averaged across five experiments. Accession PI 163245 exhibited a moderately high level of LB resistance, with %DS averaging 15.5%, statistically similar to the control resistant genotypes containing either Ph-2 (%DS = 17.5%) or Ph-3 (%DS = 9.8%) ( Table 1 ). The control resistant genotype NC 03220, which contains both Ph-2 and Ph-3 resistance genes, was consistently the most resistant line with an average %DS of 4.3%. In contrast, the parental breeding line Fla. 8059 was highly susceptible, with %DS averaging 91.9%, statistically similar to the LB-susceptible control lines NC 84173 (%DS = 92.8%) and New Yorker (%DS = 93.3%) ( Table 1 ).
The F 1 plants (evaluated in five experiments) exhibited moderate resistance to LB infection, with %DS = 49.6%, a value most similar to the midparent (%DS = 53.7%) ( Table 1 ). The %DS in the F 2 population (n = 560) ranged from 0 to 100%, with an average of 51.9% (Table 1 ; Fig. 1 ). The distribution of F 2 progeny was nonnormal, as determined by the Shapiro-Wilk test and was skewed slightly toward disease susceptibility (skewness = −0.194). The response distribution was somewhat bimodal, including 241 individuals (43%) with %DS < 50% and 319 individuals with %DS ³ 50% (Fig. 1) .
The %DS in the selected resistant F 2 individuals (n = 39) ranged from 0 to 20% with an average of 7.5%, and the mean disease severity of their F 3 progeny families ranged from 11.5 to 29.3%, averaging 20.4% (Table 1) . In comparison, the %DS in the selected susceptible F 2 individuals (n = 35) ranged between 85 and 97% with an average of 90.4% and that of their F 3 progeny family means ranged between 70.8 to 97.9% with an average of 86.0% (Table 1) .
Marker Discovery and Validation
The Fla. 8059 RRL sequence coverage was ~27% of the reference genome and the sequencing depth averaged 4.68. The average distance of zero-coverage regions was 462 bp and the maximum zero-coverage length was slightly over 3 Mbp. In total, sequencing of Fla. 8059 generated 11,285,819 reads, of which 74.9% were successfully mapped to the reference genome.
The PI 163245 sequencing results were similar to those of Fla. 8059, although generally, the coverage and sequencing depth were slightly lower. Sequencing of PI 163245 provided reference genome coverage of ~25% with an average sequencing depth of 4.21. The mean length of zero-coverage regions was 474 bp, and the largest zero-coverage length was ~3 Mbp. A total of 9,310,064 reads of PI 163245 were generated, of which 52.4% were successfully mapped to the reference genome.
Comparison of the Fla. 8059 and PI 163245 RRL genomic sequences identified 33,541 SNPs distributed across the 12 tomato chromosomes that were potentially suitable for marker development. The largest numbers of SNPs were located on chromosome 11, accounting for nearly a third of all SNPs, and the fewest markers were found on chromosome 8. The majority of chromosomes averaged <50 kb between SNP markers; however, chromosomes 4, 7, and 8 each averaged >100 kb between SNPs (Table 2 ). In total, 373 SNPs were selected for marker development, and KASP markers were successfully developed for 261 (70.0%). Four KASP markers were found not to be polymorphic between Fla. 8059 and PI 
Diversity Analysis
The value of D between the seven tomato accessions ranged from 0.08 to 0.45. The most closely related accessions were NCEBR-1 and Fla. 8059, while the largest distance was found between NCEBR-1 and PI 224710. The diversity analysis indicated that PI 163245 fell nearly in the middle of the S. lycopersicum and S. pimpinellifolium accessions included in this study and averaged a genetic distance of 0.35 from S. lycopersicum and 0.27 from S. pimpinellifolium (Table 3) .
Genetic Map Construction
Genetic mapping resulted in the construction of 12 linkage groups, corresponding to the 12 tomato chromosomes (Table 4 ). The linkage groups ranged from 79.3 to 144.2 cM in length, and the overall genome size was 1278.2 cM. The number of SNP markers on each chromosome ranged from 12 to 30 with an average genetic and physical distance between markers of 5.5 cM and 3.4 Mbp, respectively. Across all chromosomes, the average genetic distance between markers ranged from 3.2 to 7.8 cM (Table 4) , and overall, more than 80% of the genetic distances between markers were <10 cM. In several regions, however, genetic distances between markers were larger (Fig. 2) . 
Examination of Marker Segregation
Chi-square analyses indicated that several markers within the selected resistant and susceptible classes did not segregate in the expected 1:2:1 Mendelian ratio. Some of the skewed segregations were due to the effect of selection for resistance or susceptibility to LB (see below). Of the total of 233 markers, 34 markers in the resistant class (14.6%) and 31 markers in the susceptible class (13.3%) exhibited skewed segregation (Supplemental Table S1 ). Some of these markers exhibited skewed segregation in both classes (see below).
In the resistant class, a total of 34 markers, located on chromosomes 1, 5, 7, 9, 10, 11, and 12, exhibited skewed segregations (Supplemental Table S1 ), of which markers on chromosomes 9 (upper location), 10, and 11 (upper location) were associated with QTLs for LB resistance and their skewness could be due to the effect of selection (described below). Of the markers with skewed segregation in the resistant class, those on chromosomes 1, 10, and 12 were skewed in favor of PI 163245 alleles; those on chromosomes 7, 9 (except marker S196053; see below) and 11 were skewed in favor of Fla. 8059 alleles; and those on chromosome 5 were skewed in favor of the heterozygous genotype (Supplemental Table S1 ). Marker S196053 on chromosome 9 was significantly skewed in favor of PI 163245, which was due to its association with a LB resistance QTL (discussed below). In the susceptible class, a total of 31 markers, located on chromosomes 2, 4, 9, 10, 11, and 12, segregated abnormally (Supplemental Table S1 ), of which markers on chromosome 2, 4, 9, and 10 were associated with QTLs for LB resistance (described below). Of the markers that exhibited skewed segregation in the susceptible class, those on chromosomes 2, 10, and 11 showed an excess of Fla. 8059 alleles; those on chromosomes 4, 9, and 12 showed excessive PI 163245 alleles; and those on chromosome 9 (7 markers) showed an excess of heterozygous genotypes (Supplemental Table S1 ).
Trait-Based Quantitative Trait Loci Analysis
A TBA resulted in the identification of genomic regions (QTLs) associated with LB resistance. The LB-resistant parent (PI 163245) contributed four QTLs for LB resistance located on chromosomes 2, 3, 10, and 11 (Table 5) . Of these, the QTL on chromosome 10 appeared to have had the largest effect. It encompassed a region ~62 cM (corresponding to a physical distance of about 4.0 Mbp) including six consecutive markers, for some of which the allele frequency differences were ³10 s p (Table 5) . For example, for marker S195527, the PI 163245 allele frequency in the resistant class was 0.96 and that in the susceptible class was 0.22, resulting in an allele frequency difference of d = 0.74 and s p = 0.05 (Table 5) . Interestingly, for marker S195717, there was no individual in the susceptible class with an allele from the LB-resistant parent (i.e., p S = 0.0), resulting in a marker allele frequency difference of 0.82, the largest found in this study. This may indicate tight linkage of this marker with the QTL for LB resistance on chromosome 10 of the LB-resistant parent (PI 163245). The second largest QTL from PI 163245 was detected on chromosome 2, including 10 consecutive markers spanning ~25 cM, between markers S041728 and S055792 (Table 5 ). Of these, the marker allele frequency differences (d) for four consecutive markers (S048832, S053579, S054749, S054853) were ³3s p , ranging between 0.24 and 0.26, indicating presence of a large-effect QTL on this chromosome. The latter four markers corresponded to a genetic distance of 2.8 cM and a physical distance of ~17.7 Mbp (Table 5) .
In contrast to the two major QTLs identified on chromosomes 10 and 2, each of the two QTLs identified on chromosomes 3 (associated with marker S073679) and 11 (associated with marker S196053) included only one marker with allele frequency difference (d) of about 2s p . The allele frequency difference for chromosome 3 marker S073679 was d = 0.18 and for chromosome 11 marker S196053 was d = 0.19 (Table  5 ), indicating that these two QTLs had small effects.
In addition to the aforementioned four QTLs from PI 163245, four genomic regions were detected with the opposite effect, that is, the LB-susceptible S. lycopersicum parent (Fla. 8059) contributed to the apparent resistance. The effects of these QTLs, however, were generally smaller than those contributed from the LB-resistant parent. These four QTLs were located on chromosomes 4 (four markers, with d = 0.16-0.21), 7 (one marker, with d = 0.16), 9 (four markers, with d = 0.16-0.37), and 10 (one marker, with d = 0.18) ( Table 5 ). Although plants of Fla. 8059 are highly susceptible to LB, they are much stronger than plants of PI 163245 and thus the detected regions could actually have contributed to plant vigor during disease screening (see Discussion section).
Data Availability
The raw FASTQ files of all GBS data of the two parents are uploaded onto NCBI Short Read Archive under Bioproject number PRJNA471200. The physical positions and flanking sequences of the 33,541 polymorphic SNPs identified in this study are provided in Supplemental File 1. The exact physical and genetic locations of the 233 SNP markers used in this study are presented in Supplemental Table S1 , and their complete primer sequences are presented in Supplemental Table S2 .
discussion
The parental line PI 163245 was as resistant as the control LB-resistant lines containing either Ph-2 or Ph-3, but not as resistant as the resistant line NC 03220 that contains both Ph-2 and Ph-3, against the P. infestans isolate used in the present study (Table 1) . However, PI 163245 may confer resistance to other P. infestans isolates, which overcome Ph-2 and Ph-3 combined. A 2015 field study at NC State indicated that after a severe LB infection, at the end of the season when even lines or hybrids containing both Ph-2 and Ph-3 failed, PI 163245 held up well (R.G. Gardner, personal communication, 2017) . This indicates that other genes might be involved in the LB resistance conferred by PI 163245, which could be useful for tomato breeding (discussed below).
Accession PI 163245 was originally classified as Lycopersicon esculentum (currently S. lycopersicum) based on its flower characteristics (see Materials and Methods section). This accession, however, exhibits many characteristics similar to S. pimpinellifolium including large indeterminate growth habit, small leaves, and small yellow-orange fruit. We conducted a genetic diversity analysis among several genotypes, including accession PI 163245, three S. lycopersicum breeding lines, and three S. pimpinellifolium accessions, and calculated D between and among the genotypes using 158,175 SNPs (Table 3 ). The analysis indicated that there were no more similarities between PI 163245 and the three cultivated tomato lines than between PI 163245 and the three S. pimpinellifolium accessions. While the average D between PI 163245 and the three S. lycopersicum breeding lines was 0.35, the D between PI 163245 and the three S. pimpinellifolium accessions was 0.27 (Table 3 ), suggesting that it may be closer to S. pimpinellifolium than S. lycopersicum, though it is worth noting the low sample size. In our experience of working with this accession for many years, the general morphology of PI 163245 is more similar to S. pimpinellifolium than S. lycopersicum. Further investigations are needed to clearly determine the taxonomy of PI 16245 (J. Labate, Acting Curator USDA-ARS PGRU, personal communication, 2017). However, if PI 163245 is actually a S. lycopersicum genotype, this would be the first report of an accession within the cultivated species of tomato with strong resistance to LB.
The %DS in the F 1 generation (49.6%) was similar to the midparental value (53.7%), suggesting that LB resistance conferred by PI 163245 may be under a codominant or intermediate gene action. The F 2 population (n = 560) exhibited a wide range of disease response, with %DS ranging from 0 to 100%, and a non-normal distribution slightly skewed toward susceptibility (Fig.  1) . Of the 560 F 2 plants, 241 (43%) displayed %DS < 50% and 319 (~57%) displayed %DS ³ 50%. Based on disease responses in the F 1 and F 2 generations, it seems that the LB resistance in PI 163245 is not a dominant trait.
For genotyping and QTL analysis, we had to develop new genetic markers polymorphic between the two parental lines of the mapping population. Sequencing of the two parental lines and comparison of their RRLs resulted in the identification of 33,541 putative SNPs. Although not all SNPs were suitable for marker development, ~70.0% of those selected for marker development were successfully converted to KASP markers. Additionally, genotyping of both parents validated 98.5% of the markers, providing good confidence in this SNP identification protocol. In the present study, 233 SNP markers were used for F 2 genotyping, map construction, and QTL analysis. The availability of thousands of additional SNPs, however, will be valuable when developing additional markers for fine mapping in this population or for use in other tomato mapping populations.
A genetic linkage map was developed based on the 233 SNP markers and 74 selected F 2 individuals (Fig. 2) . The order of the SNP markers mapped in this population corresponded perfectly with the physical map. The average genetic distance between SNP markers across the 12 tomato chromosomes was 5.5 cM, and the total genome length was 1278.2 cM (Table 4) , which is fairly consistent with the previously developed genetic maps of tomato (Ashrafi et al., 2009; Chen and Foolad, 1999; Foolad and Zhang, 2015; Grandillo and Tanksley, 1996; Sharma et al., 2008; Sim et al., 2012) . Although the genetic and physical distances between markers were generally small, there were a few larger genetic gaps between markers in genomic regions of high recombination (Fig. 2) . However, no gaps larger than 33.3 cM were found, and distances >20 cM corresponded to physical lengths of 7.4 Mbp or less (Supplemental Table S1 ).
Skewed segregations were observed for several markers in both selected resistant and susceptible classes (see Results section). Observation of skewed segregation is not unusual and it has been observed in most tomato mapping populations, with the extent of skewness often being greater in wider crosses (e.g., S. lycopersicum ´ S. pennellii and S. lycopersicum ´ S. habrochaites) than crosses between closely related species (e.g., S. lycopersicum ´ S. pimpinellifolium or S. lycopersicum ´ S. cheesmaniae) and generally higher in filial (average 50% distortion) than in backcross populations (average 34% distortion) (Ashrafi et al., 2009; Chen and Foolad, 1999; Grandillo and Tanksley, 1996; Lippman and Tanksley, 2001; Sharma et al., 2008; Zhang et al., 2003 ) (see Foolad and Zhang 2015 for more discussion of this topic). However, skewed segregations in different populations of tomato have been attributed to various causes including self-incompatibility, unilateral incongruity, gametophytic selection, zygotic and viability selection in segregating populations, and environment effects (Ashrafi et al., 2009; Bernacchi and Tanksley, 1997; Chetelat and DeVerna, 1991; Foolad, 1996) . Some of the skewed segregations observed in the current study could be attributed to selections conducted for disease resistance or susceptibility. For example, nearly half (41%) of the markers with distorted segregation in the two selected classes were in chromosomal regions associated with LB resistance QTLs (discussed below). One advantage of a bidirectional selective genotyping approach is that skewed segregation from factors other than phenotypic selections for the trait under study are unlikely to affect QTL detection.
As described in the Materials and Methods section, before genotyping the selected extreme F 2 individuals for QTL analysis, F 3 progeny testing was conducted to confirm their resistance or susceptibility responses, and only those F 2 plants for which the F 3 progeny families exhibited minimal segregation for resistance or susceptibility were used for genotyping and QTL analysis. This process helped ensure only the true resistant and susceptible F 2 plants were used for QTL analysis, improving the accuracy of our analysis. Further, the use of a large F 2 mapping population (n = 560) and intense bidirectional selections made it highly unlikely that any QTL with large effects remained undetected. Navabi et al. (2009) reported that genotyping of just 14% of individuals phenotypically selected from a population of 500 would be sufficient to detect a QTL explaining as little as 9% of the phenotypic variation as long as the distance between the markers and resistance genes was £15 cM. In the present study, 13.2% of 560 F 2 individuals were selected and genotyped, and the largest theoretical distance between a genetic marker and a resistance locus was 16.7 cM, suggesting that all QTLs of moderate or larger effects were detected. Several other studies previously reported the efficiency and effectiveness of selective genotyping in identifying QTLs (Darvasi and Soller, 1992; Foolad and Chen, 1999; Foolad and Jones, 1993; Foolad et al., 2001; Zhang et al., 2003) .
The TBA identified three major QTLs for LB resistance, two of which originated from PI 163245 and one from Fla. 8059, and five minor QTLs, four of which included only one marker and barely reached statistical significance. The most important QTL, contributed from the LB-resistant parent (PI 163245), was identified on chromosome 10 including six markers spanning 62.4 cM and 4.0 Mbp, and allele frequency difference (d) between the selected classes as large as 0.82 (Table 5 ). This region clearly contributed significant effects to LB resistance in the F 2 population: most F 2 plants within the selected resistant class were homozygous for the PI 163245 alleles for most of the markers, and almost all the selected susceptible F 2 individuals were either homozygous for the Fla. 8059 alleles or heterozygous (Table 5 ). This genomic region corresponds to the same position as Ph-2, a LB resistance gene previously reported in S. pimpinellifolium accession West Virginia 700 (Gallegly, 1960; Moreau et al., 1998; Peirce, 1971) . Further, it is also colocalized with a major LB resistance QTL on chromosome 10 identified in S. pimpinellifolium accession PI 270443 . These overlapping map positions raise the possibility that the LB resistance QTL identified on chromosome 10 in PI 163245 (present study) and in PI 270443 are actually the same as the Ph-2 resistance gene or from a tandemly repeated resistance gene family at this location. A recent analysis of molecular markers known to be associated with Ph-2 indicated that while PI 270443 had the same marker genotypes with Ph-2 containing lines, PI 163245 did not have those marker genotypes . However, with the current information, while the possibility of the same gene being responsible for Ph-2 as well as the new QTL identified on chromosome 10 in accessions PI 270443 and PI 163245 could not be ruled out, it is likely that these genes are parts of a tightly linked R gene cluster at the Ph-2 location as have previously been reported in S. bulbocastanum and S. berthaultii Hawkes (Park et al., 2005 . Fine genetic mapping and molecular characterization of this genomic locus is necessary to determine the physical relationship between Ph-2 and the two newly identified LB resistance QTLs. In addition to Ph-2 in tomato, the potato LB resistance genes Rpi-ber (Rauscher et al., 2006) as well as Rpi-ber1 and Rpi-ber2 were each mapped to a similar interval on potato chromosome 10. Further, previous studies in tomato indicated the presence of early blight resistance QTL EBR10.1 (Foolad et al., 2002; Zhang et al., 2003) and tomato yellow leaf curl resistance QTL Ty10.1 (Kadirvel et al., 2012) at this location on chromosome 10, emphasizing the importance of this genomic region for tomato disease resistance breeding. A preliminary genomic annotation of this location on chromosome 10, from marker S194704 (54.7 cM) to the bottom of the chromosome, contains 711 gene models including two CC-NBS-LRR class proteins and two resistance protein fragments.
Previous molecular marker analysis and the current QTL mapping study indicated that PI 163245 did not carry Ph-3, the known gene with strongest effect on LB resistance in tomato (Chunwongse et al., 2002; Foolad et al., 2008) . Further, under field conditions, PI 163245 exhibited significantly more resistance than Ph-2 or Ph-3 alone and its resistance was more stable than Ph-2 and Ph-3 combined under prolonged LB infection in the field (R.G. Gardner, personal communication, 2017) . These observations suggest the possibility of presence of other useful resistance genes in PI 163245 but different from Ph-2 and Ph-3. The present study indicated the presence of three other resistance QTLs in PI 163245: a major one on chromosome 2 and two minor QTLs on chromosomes 3 and 11 (Table 5) . Most likely, the combination of these QTLs along with the QTL on chromosome 10 (which may be Ph-2) contributed to the high level of resistance in this accession under field conditions. Therefore, we anticipate that pyramiding of these newly discovered resistance QTLs with Ph-3 may result in a resistance stronger and more durable than that currently observed in varieties with Ph-2 and Ph-3 combined.
The LB resistance QTL identified at the top of chromosome 2 encompassed a 25.5 cM interval (0-25.5 cM) including 36.6 Mbp of DNA. At this location, 14 markers were significantly associated with the LB resistance QTL, with four sequential markers from 8.1 to 10.9 cM (15.2-32.9 Mbp) exhibiting marker allele frequency differences (d) ³ 3s p (Table 5) . Previously, two LB resistance QTLs on the short arm of tomato chromosome 2 were reported. One QTL (denoted as qPh2.1), found in the S. pimpinellifolium accession L3708 (a.k.a. LA 1269 and PI 365957) at ~13.7 cM, was partially dominant and conferred resistance against the US-11 P. infestans isolate Pi733 (Chen et al., 2014) . It is unknown whether the reported QTL corresponds to the resistance QTL identified on chromosome 2 in the present study in PI 163245. The other QTL, denoted lb2a, was found in the LB-susceptible breeding line NC 84173 in S. lycopersicum ´ S. habrochaites backcross populations and screened against two isolates of P. infestans from clonal lineages US-6 and US-11 . This QTL was mapped between 10 and 54 cM on tomato chromosome 2. However, based on the knowledge that NC 84173 is highly susceptible to LB and used as a susceptible control line in all of our LB-screening experiments (Table 1) , it does not seem likely that lb2a is the same as the resistance QTL identified on chromosome 2 in PI 163245. Development of NILs, fine mapping, and potential cloning of the QTL identified on chromosome 2 are required to determine potential relationships between qPh2.1, lb2a, and the LB resistance QTL identified in PI 163245. As no LB resistance QTL from chromosome 2 has been previously used in developing LB-resistant tomato cultivars, the identified resistance in PI 163245 could have value in breeding for stronger and more durable LB resistance in tomato. In addition to the aforementioned LB resistance QTL, the tobacco mosaic virus gene, tm-1, is located in the proximal portion of the chromosome 2 LB resistance QTL reported in this study (Levesque et al., 1990; Pelham, 1966) . Based on the tomato genome annotation (ITAG2.40, www.solgenomics.net), this PI 163245 QTL interval contains 928 gene models including 21 potential plant defense-related proteins or protein fragments of which three encode CC-NBS-LRR class proteins. Interestingly, one of these CC-NBS-LRR loci (Solyc02g027080) was previously predicted to encode a putative LB resistance protein homolog R1A-3 by NCBI.
For the LB resistance QTL identified on chromosome 3 of PI 163245, although only one marker (S073679, located at 78.4 cM) exhibited a significant marker allele frequency difference (d > 2s p ), several flanking markers from 65.3 to 98.4 cM displayed elevated allele frequency differences (Table 5; Supplemental Table S1 ). However, it is likely that this QTL had rather small effects on LB resistance conferred by PI 163245. Previously, a LB resistance QTL on chromosome 3 was reported in an accession of S. habrochaites . However, the interval associated with the reported resistance was nearly 64 Mbp long, making it difficult to determine if the regions correspond to each other. Development of NILs and fine mapping is needed to determine the individual effect of these QTLs and their possible relationship.
For the QTL identified on top of chromosome 11, similar to that on chromosome 3, only a single marker was significantly associated with resistance at d > 2s p and the QTL was associated with an interval of <1.9 Mbp (Table 5 ). The region contains 268 genes including four potential resistance genes encoding CC-NBS-LRR proteins. However, the allele frequency differences were not as substantial as on chromosomes 2 or 10, suggesting the phenotypic effect of this interval was not particularly high. Previously, reported two QTLs on chromosome 11 (lb11a and lb11b) associated with LB resistance in a S. habrochaites accession. The QTL lb11a was located near the top of chromosome 11; however, it is unknown whether the same gene is responsible in both accessions. Additional examination of this region is needed to determine its individual phenotypic effect and value in tomato breeding.
In addition to the resistance QTLs conferred by PI 163245, the TBA detected four regions on chromosomes 4, 7, 9, and 10 in Fla. 8059, which appeared to have positive effects on plant performance under LB infection (Table  5) . However, considering the very LB-susceptible nature of Fla. 8059 (average DS > 90%), it is highly unlikely that these QTLs were directly contributing to the LB resistance in the F 2 population. Conversely, it is likely that the effects of these genomic intervals were due to superior horticultural characteristics contributed by Fla. 8059. For example, when comparing plant types of the two parental lines, Fla. 8059 has a thicker stem and stronger plant type resulting in a much more robust plant architecture particularly during early stages of plant development and before transition to flowering stage. As disease screenings were conducted at ~7 wk after planting, it is possible that stronger plants generally tolerated the disease pressure better and appeared more resistant than weaker plants. It is also possible that Fla. 8059 contributed genes for better adaptation to humid and low-light GH conditions used for screening plants for LB resistance in this study. Further, the presence of only few annotated defense-related genes within Fla. 8059 QTL regions corroborates with the suggestion that these QTLs were not directly related to LB resistance. In fact, chromosomes 4 and 10 do not appear to contain any CC-NBS-LRR encoding genes within these regions, while chromosomes 7 and 9 each contained just one.
The high levels of LB resistance observed in PI 163245 suggest that this accession has strong breeding potential. Three of the four genomic loci associated with resistance (those on chromosomes 2, 3, and 11) have not previously been used in tomato breeding. Additionally, it is unknown whether the QTL on chromosome 10 corresponds to the known LB resistance gene Ph-2, or if this resistance locus is novel to PI 163245. It has previously been reported that Ph-2 alone was often overcome by certain aggressive isolates of P. infestans and that this gene only slowed down the rate of disease progression Moreau et al., 1998) . In contrast, previous screening of PI 163245 against eight P. infestans isolates, including three clonal lineages US-13, US-14, and US-23 , indicated consistent level of LB resistance in this accession, suggesting presence of reliable resistance in PI 163245. Furthermore, previous field screenings indicated that PI 163245 exhibited more LB resistance than L3708, the S. pimpinellifolium source of Ph-3 , and that its resistance was more stable than Ph-2 and Ph-3 combined under prolonged LB infection in the field (R.G. Gardner, personal communication, 2017) . Therefore, based on the results of the present study as well as those of the aforementioned previous studies, it seems that the LB resistance conferred by PI 163245 may be superior to that conferred by Ph-2 or Ph-3 alone. While the available results do not preclude PI 163245 from containing Ph-2, they indicate the potential utility of this accession for tomato breeding, at least in the presence of other LB resistance genes or QTLs present in this accession. However, additional screenings of PI 163245 against other isolates and clonal lineages of P. infestans are needed to determine the spectrum of LB resistance in this accession. Further, to quantify the genetic value of each of the resistance QTL reported in this study, isolation of individual loci in NILs is required. Fine mapping and potential cloning of these loci would facilitate marker-assisted breeding and transfer of these loci into elite tomato breeding lines.
